Effect of a rotating propeller on the separation angle of attack and distortion in ducted propeller inlets by Larkin, M. et al.
//-93
E q yS l
NASA Technical Memorandum 105935
AIAA-93-0017
Effect of a Rotating Propeller on the Separation
Angle of Attack and Distortion in Ducted
Propeller Inlets
D.R. Boldman, C. Iek, and D.P. Hwang
Lewis Research Center
Cleveland, Ohio
and
M. Larkin and P. Schweiger
Pratt and Whitney
East Hartford, Connecticut
Prepared for the
31st Aerospace Sciences Meeting & Exhibit
sponsored by the American Institute of Aeronautics and Astronautics
Reno, Nevada, January 11-14, 1993
NASA
https://ntrs.nasa.gov/search.jsp?R=19930007436 2020-03-17T09:28:08+00:00Z
EFFECT OF A ROTATING PROPELLER ON THE SEPARATION ANGLE OF ATTACK
AND DISTORTION INDUCTED PROPELLER INLETS
D.R. Boldman, Y
 C. Iek, ** and D.P. Hwang *f
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio
M. Larkint and P. Schweigert
Pratt and Whitney
East Hartford, Connecticut
Abstract W mass flow rate
The present study represents an extension of an X axial distance from propeller face
earlier wind tunnel experiment performed with the P& W a angle of attack
Lo 	 17-in. Advanced Ducted Propeller (ADP) Simulator 0 circumferential angle (clockwise looking
operating at Mach 0.2.	 In order to study the effects of downstream
a	 rotating	 propeller	 on	 the	 inlet	 flow,	 data	 were
obtained in the UTRC 10- by 15-Foot Large Subsonic WSPEC corrected specific flow (WC/APROP)
Wind Tunnel with the same hardware and instrumenta- Subscripts
tion but with the propeller removed. 	 These new tests
were performed over a range of flow rates which dupli- C corrected to standard day conditions or
cated flow rates in the powered simulator program. The conventional inlet
flow through the inlet was provided by a remotely H highlightlocated vacuum source. 	 A comparison of the results of
this flow-through study with the previous data from the I inlet
powered simulator indicated that in the conventional L local conditioninlet the propeller produced an increase in the separation
angle of attack	 between	 4.0°	 at	 a specific flow of M maximum value
22.41b/sec-ft 2	to	 2.7°	 at	 a	 higher	 specific	 flow	 of
33.8 lb/sec-ft 2 .	 A similar effect on separation angle of O freestream condition
attack was obtained by using stationary blockage rather P plug inlet
than a propeller. PROP propeller face
S static condition or spinner
Nomenclature T total condition
A	 area SEP separated condition
C f	friction coefficient 1 rake station (Fig. 3)
D	 diameter 2 propeller station (Fig. 3)
L	 inlet length
M	 Mach number Introduction
P	 pressure Wind tunnel tests are often performed with inlets
R	 radius having an aspirated flow to simulate the flow rates
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which would normally be pumped by a fan or ducted
propeller in a powered simulator. A comparison of
results from recent tests with the Pratt and Whitney
(P&W) 17-in. Advanced Ducted Propeller (ADP) simu-
lator in the NASA Lewis 9- by 15-Foot Low Speed Wind
Tunnel (LSWT) 1 with aspirated flow test data (no pro-
peller installed) has shown that the pumping by a pro-
peller delays inlet separation. 2 The latter results were
obtained in the UTRC 10- by 15-Foot Large Subsonic
Wind Tunnel as part of a joint effort between NASA
Lewis and P&W to better understand the propeller/
inlet interaction problem.
Some of the concerns with past experiments of this
type were eliminated in the present study through the
use of the same inlet hardware, instrumentation loca-
tions, and the ability to match airflow rates in tests
with and without a propeller. Past studies of this type
often compared powered simulator results with data
from aspirated flow tests of "similar," but not exact,
geometries and instrumentation. 2 In addition to as-
pirated flow tests without a propeller, the program
included tests to determine the feasibility of simulating
the inlet angle of attack and distortion by means of
stationary blockage devices which were installed in the
inlet to replace the propeller.
In the present paper, experimental results from the
ADP simulator and the aspirated flow studies will be
compared. The aspirated flow results include data with
and without the stationary blockage which was used in
an attempt to simulate the effect of the propeller on the
inlet distortion and separation angle of attack. Two
inlets having ratios of inlet shroud length to propeller
diameter of 0.53 and 0.21 were evaluated at a nominal
free stream Mach number of 0.2. Predictions of the
internal pressure distributions and separation angle of
attack will be compared with the experimental results.
Experiments
The results presented in this paper were obtained
from two independent experiments. The first experi-
ment was performed with the 17-in. P&W ADP simula-
tor in the LSWT. The second experiment was per-
formed with aspirated flow in the UTRC 10- by 15-Foot
Large Subsonic Wind Tunnel. The results described
herein were obtained for two inlets at angles-of-attack
ranging from 0° to 35° in the LSWT and from 0° to
42.6° in the UTRC wind tunnel. Although the UTRC
wind tunnel could operate up to Mach 0.38, most of the
tests were performed at a nominal free stream Mach
number of 0.2 to coincide with the conditions in the
LSWT experiments. The main emphasis of this report
is to compare the inlet performance from the various
tests at angles-of-attack around the separation value.
Simulator
The P&W 17-in. diameter ADP simulator is shown
installed in the LSWT in Fig. 1. The simulator was
laterally offset 21 in. from the centerline of the tunnel
and was rotated horizontally about an aft-positioned
pivot axis toward the axial centerline to provide an
increase in the angle of attack. The direction of increas-
ing angle of attack is from left to right in Fig. 1. The
maximum angle of attack for the support system was
35 °. The propeller was driven by a 1000 hp air turbine
drive system at rotational speeds up to 12 000 rpm. At
these highest rotational speeds, the corrected mass flow
rate was nominally 45 lb/sec (yielding a propeller face
specific flow of 35 lb/sec-ft 2 ). The results in Ref. 1 were
primarily concerned with these high flow rate operating
conditions; however, in the present paper, data from
lower flow rate tests will be considered. This was
necessitated because in the aspirated flow experiments at
UTRC, the maximum flow rates were lower than the
maximum flow rates in the simulator because of limita-
tions imposed by the vacuum source. Further details of
the simulator experiments can be obtained in Ref. 1.
Aspirated Flow
As indicated earlier, an attempt was made to cir-
cumvent some of the concerns with past experiments in
which inlet tests were performed with and without a
rotating propeller. Some of these concerns arose as a
result of the use of similar but not exact geometries and
instrumentation and from the inability to match airflow
rates in tests with and without a propeller. Although
the aspirated flow experiments had to be performed at
lower maximum flow rates than the maximum rates in
the powered simulator, there was sufficient overlap in
the airflows in the two studies to allow for meaningful
conclusions about flow-through and stationary blockage
effects relative to propeller effects on the inlet separation
angle of attack and total pressure distortion. In the
aspirated flow tests with only the distortion rakes in-
stalled, corrected flow rates as high as 44.6 lb/sec could
be obtained. This flow was comparable to the highest
flow obtained in the powered simulator. The rakes
represented a blockage of about 3 percent. When block-
age devices were installed at the location of the propel-
ler, the maximum flow rates were about 39.5 lb/sec with
the highest blockage of 40 percent.
Upon completion of the experimental program in
the LSWT, 1 two of the inlets and related hardware
including the instrumentation rakes were transported to
the UTRC 10- by 15-Foot Large Subsonic Wind Tunnel
for installation and testing in the aspirated-flow mode.
The aspirated inlet test setup is shown in Fig. 2. With
this arrangement the inlet was rotated in the horizontal
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plane (as in the simulator tests at NASA Lewis) to pro-
vide variations in angle of attack. The sweeps were
made in either direction to provide a windward side
which was compatible with two different rake arrange-
ments. 2 The rakes were always installed, either at sta-
tion 1 or 2, as shown in Fig. 3. The distortion results
were obtained with the rakes located at station 1 in the
arrangement shown in Fig. 3. The rake positions are
standardized to the positions in which 0° represents the
leeward side and 180° represents the windward side
when viewed clockwise looking downstream. This
arrangement, which coincided with the simulator setup,
consisted of four long 12-element rakes circumferentially
positioned at 0° (leeward side), 20°, 170°, and 185°
(closest to the windward side). In addition, four 9-
element boundary layer rakes were positioned at 45°,
200°, 270°, and 340°. The measurements from these
rakes coupled with an assumption of symmetry about
the 0° to 180° axis and an interpolation program were
used to estimate the total pressure contours. The inlet
rakes were located 3.0 and 2.4 in. upstream of the pro-
peller face plane in the conventional and plug inlets,
respectively. A description of the inlets will be provided
later. Additional details concerning the rake element
positions and data reduction procedures related to the
aspirated-flow study can be obtained from Ref. 2.
Inlets
Two inlets having ratios of shroud length to pro-
peller diameter, L I /DpROp , of 0.53 and 0.21 were tested
with aspirated flow. These inlets, shown in Fig. 4, were
referred to as the conventional or baseline inlet and the
plug inlet. The latter inlet represented an aggressive
design in terms of a short inlet forebody and diffuser
length whereas the conventional inlet was more represen-
tative of contemporary designs which often contain
acoustic treatment. The two inlets, shown in Fig. 4,
represent the longest and shortest of a series of inlets
tested in the LSWT. Results of experimental and theo-
retical performance for an intermediate length inlet,
which was tested only with the simulator in the wind
tunnel, are presented in Refs. 1 and 3. As shown in
Fig. 4, different spinners were used with each inlet. The
diameter of each spinner was the same in the plane of
the propeller face (diameter of 17.25 in.) yielding a hub-
to-tip ratio of 0.44. A short 7.9-in. spinner was used
wish the conventional inlet whereas a long 11.2-in. spin-
ner was used with the plug inlet.
The two inlets contained from 38 to 50 surface
static pressures, as indicated in Fig. 3, with most of
these pressures concentrated in the internal portion of
the inlet. Each inlet had a row of static pressure taps at
the 180° circumferential position (windward side of the
inlet). These pressures were used to determine the onset
of separation which will be described later. The wind-
ward static pressures also provided a database for com-
parison with predicted pressures and separation.
Stationary Blockage Devices
In an effort to simulate the effects of the propeller
on the inlet separation angle of attack and distortion,
stationary blockage devices were installed in the inlet in
place of the propeller. The motivation for this study
was to determine the feasibility of performing inlet tests
without the complexity of a powered propeller. Several
blockage configurations were tested  including screens,
rods, and combinations of rods and screens. The best
simulation of powered rig inlet separation angle of
attack was obtained with blockage geometries of the
type shown in Fig. 5. These configurations comprised a
combination of tapered rods and screens to provide a
nominal blockage of 38 percent at the propeller-face
plane. The rods were designed to choke the flow in the
propeller-face plane at the maximum airflow operating
condition.
A one-dimensional calculation was used to deter-
mine the critical area at the propeller face less the
blockage of the rods, screens, and instrumentation rakes.
This area was corrected to account for an empirical flow
coefficient of 0.92 observed in previous testing. The area
of an individual rod was the total rod blockage area
divided by the number of rods needed. A conical shape
was used to provide a radially uniform flow area. The
inner and outer rod diameters provided equal circumfer-
ential blockage at the end walls. The notches in the
rods shown in Fig. 5 merely depict adjusting screws used
for installation purposes. These notches were covered to
give a continuous tapered contour during testing.
A comparison of results from the flow-through (no
blockage) and powered simulator tests indicated that the
simulator delayed separation to higher angles of attack
by more effectively pumping the region in the inlet
where separation occurs. Therefore, when selecting the
configurations for blockage studies, an attempt was
made to redistribute the inlet flow by providing a more
open path in the region where separation was expected
to occur and a more restricted flow path at other cir-
cumferential positions. In the best-performing blockage
devices of the type shown in Fig. 5, a hole was provided
in the region where flow separation had been observed
in the powered simulator tests. This hole, which
extended about 90° in the circumferential direction, was
formed by removing three of the tapered rods. Screen
patches were placed over the remaining rods to compen-
sate for reduced blockage resulting from the removal of
the rods.
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Determination of Separation
The inlet separation angle of attack, a SEp, was
determined by the method described in Ref. 1. This
method was based on experimentally varying the angle
of attack in V increments through the separation condi-
tion to determine the angle in which the highest inlet
local Mach number, ML , is observed. The local Mach
number was obtained from the ratio of the measured
wall static pressure to the freestream total pressure. In
Ref. 1, two types of separation were identified from the
characteristics of the ML M (a) distributions; namely, lip
separation and diffuser separation. Lip separation
usually occurred at peak inlet local Mach numbers
greater than 1.5, whereas diffuser separation was evident
at peak inlet local Mach numbers less than 1.5. In this
paper, no distinction will be made between lip and
diffuser separation; however, if a definite maximum in
ML M (a) was observed it was considered to represent the
conditions at the "onset" of separation. The word
"onset" is used because the value of a corresponding to
the maximum observed inlet local Mach number does
not yet represent a separated flow condition. Since the
minimum experimental resolution of angle of attack was
1°, the angle corresponding to the maximum local Mach
number represents aSEp+l°. Therefore, in the presen-
tation of results for a SEp, the angle at ML M will be
increased by 0.5° and the results of a SEp will have an
uncertainty band of f0.5°.
Distributions of M T ,Aa
The separation angle of attack for a given inlet
system, i.e., simulator, aspirated flow without stationary
blockage devices, or aspirated flow with blockage, was
dependent on whether the distortion rakes were installed
in the inlet diffuser (station 1, Fig. 3). The presence of
the rakes at station 1 produced an increase in the value
Of a SEp by about 2° when averaged over all of the
tests. This can be determined typically from the
M L M (a) distributions for the 17-in. simulator and aspi-
rated flow with blockage devices shown in Figs. 6(a)
and (b), respectively. These results were obtained at a
nominal corrected flow rate, W C , of 38.4 lb/sec. For
this particular case, the presence of the rakes produced
an increase in the value of a SEp by 1.5° for the simu-
lator and by 3.0° for the blockage configuration. In the
following discussion of the inlet local Mach number
distributions, emphasis will be placed on the results
obtained with the inlet rakes at station 2 (refer to
Fig. 3). Obviously, the diffuser total pressure rakes were
required in order to obtain the distortion results. There-
fore, in the distortion tests, the separation angle of
attack was about 2° higher than the corresponding
value obtained with the rakes removed from the diffuser
(moved to the propeller face, station 2).
The distributions of MI M (a) for the three systems
are shown in Figs. 7(a) and (b) for nominal corrected
flow rates of 38.4 and 32.0 lb/sec, respectively. These
distributions reflect the differences in separation angle of
attack for the three inlet systems. The greatest differ-
ences occurred between the results from either the
powered simulator or rods/screens blockage and the
aspirated flow clean inlet systems. These differences
ranged from about 4° to 2° over the above range of
flows.
So far the results of ML M (a) have been presented
for two corrected flows and one inlet geometry. In the
following section, the observed separation angles based
on the ML M (a) distributions will be shown for both
inlets as a function of the corrected specific flow, wSPEC,
and for the full range of flows with each system. The
specific flow is defined as the corrected flow per unit
area at the propeller face where the area was 187.7 in2.
Separation Angle of Attack Versus Specific Flow
The variation of separation angle of attack, aSEP,
with corrected specific flow, wSPEC, is shown for the
conventional inlet in Fig. 8. These results were obtained
without the distortion rakes in the inlet. The values of
a SEp have an uncertainty of f0.5°. The effect of a ro-
tating propeller on a SEp becomes apparent upon com-
paring the results from the powered simulator with the
results obtained with aspirated flow (no propeller). Also
shown are the separation angles for the aspirated flow
tests with stationary blockage. These latter results were
in good agreement with the separation angles obtained
with the ADP simulator. Based on the distributions
shown in Fig. 8, the presence of the propeller or station-
ary blockage resulted in an increased separation angle of
attack of from 4.0 0 at a specific flow of 22.5 lb/sec-ft 2 to
2.7° at a specific flow of 33.8 lb/sec-ft2.
Similar trends in separation angle of attack were
observed in tests with the plug inlet; however, the
results are less conclusive because of an angle of attack
limit of 35° in the LSWT ADP simulator experiments.
This limit, denoted by the flagged symbols in Fig. 9 was
evident at all except the highest flow rates. Relative to
the results in Fig. 8 for the conventional inlet, the plug
inlet showed a larger difference between the diffuser
separation angles with stationary blockage devices and
the separation with low blockage aspirated flow. For
example, the difference in a SEp was 6.3° at a specific
flow of 26.85 lb/sec-ft 2 which is about 3° higher than
the difference observed with the conventional inlet at the
same flow rate. Based on the limited range of blockage
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data, it cannot be determined whether the difference in
aSEP diminished at higher flow rates as it did in the
conventional inlet. However, if one assumes that the
stationary blockage devices were simulating the effect of
the propeller on aSEP as in the conventional inlet, a
distribution denoted by the dashed line in Fig. 9 can be
constructed. The data for this distribution include both
the results with the blockage devices and the three data
points from the ADP simulator tests at high values of
WSPEC• Unfortunately, this assumption cannot be vali-
dated on the basis of the limited data base for the plug
inlet; however, as shown in Fig. 9, separation did not
occur in the simulator up to an angle of 35° over most
of the flow range. These facility-limited data are
denoted by the flagged symbols. The actual values of
aSEP are expected to be near the values obtained with
stationary blockage as in the experiments with the con-
ventional inlet. The results for the plug inlet, as
extrapolated in Fig. 9, suggest a diminution of the effect
of the propeller on the separation angle as the flow rate
increases which is consistent with the results for the
conventional inlet. At the highest specific flow of
34.21b/sec-ft 2
 for the aspirated flow inlet without
blockage devices, the difference in aSEP was 2.70
In both inlets, the inclusion of a rotating propeller
or stationary blockage device resulted in an increase in
separation angle of attack relative to the aspirated-flow
clean inlet operating at the same flow rate. One can
postulate that the pumping of the propeller tends to
energize the diffusing boundary layer and thus delay
separation. The energy exchange mechanism between
the inlet boundary layer and free stream is expected to
be the result of a centrifuging of air by the propeller into
the cowl boundary layer. This energy exchange mecha-
nism must be different for the stationary blockage device
because the effects of rotation are not present. In this
latter case it is believed that the blockage device diverts
some of the air from the leeward side (O = 0°) toward
the unblocked region on the windward side (O = 1800)
and reduces the adverse pressure gradient near the pro-
peller, thus delaying separation. Evidence of this redis-
tribution of the flow is shown by the circumferential
static pressure distributions for the two inlets presented
in Fig. 10. The lower static pressure (higher velocity)
on the windward side results, in part, from the redistri-
bution of the flow by the blockage device. In the con-
ventional inlet (Fig. 10(a)) this low pressure, high
velocity flow resulting from the blockage device is evi-
dent upon comparing the distributions of static pressure
for the three systems. A similar trend can be noted with
the plug inlet as shown in Fig. 10(b). The interaction
of this locally accelerated flow with the diffusing bound-
ary layer produces a delay in the separation, i.e., the
angle of attack must be increased in order for separation
to occur. The static pressures with the propeller system
are similar to the pressures in the clean inlet, yet the
propeller effect results in a similar increase in the
separation angle of attack. Therefore it is expected that
although the energy exchange mechanisms between the
free stream and boundary layer are different for station-
ary blockage and a rotating propeller, both systems tend
to produce the same effect in terms of delaying inlet
separation.
Inlet Distortion—Propeller Versus Stationary Blockage
Profiles of the total pressure distortion immedi-
ately after separation were obtained only with the con-
ventional inlet. The best comparison was obtained
at a nominal flow rate of 38.4 lb/sec (WSPEC
= 29.46 lb/sec-ft 2 ) where aSEP was the same for the
ADP simulator and the aspirated flow test with the
blockage device shown in Fig. 5. The separation angle
of attack for both experiments was 31°. The results of
this comparison are presented in Fig. 11 where it can be
noted that the extent of the distorted region (PT 1/ PT 0
< 1.0) is about the same in the simulator and aspirated
flow system with stationary blockage. However, lower
total pressure ratios were evident in the tests with sta-
tionary blockage. This can also be observed in Fig. 12
which shows the total pressure profiles obtained from
the distortion rakes located at circumferential positions
of 170° and 185°. These profiles reveal a greater loss in
total pressure when the inlet was tested with stationary
blockage.
Blockage Required for a SEP Simulation
It has been shown that stationary blockage devices
consisting of a combination of tapered rods and screens
can provide a good simulation of the separation angle of
attack that would be obtained with a rotating propeller
in the conventional inlet. Although it cannot be proven
conclusively, the results obtained with the short plug
inlet suggest that stationary blockage might also provide
a good simulation of the aSEP that would be measured
with a propeller-driven inlet. It can be stated conclu-
sively that the inclusion of stationary blockage in an
inlet provides a better simulation of aSEP than other-
wise obtained from aspirated flow tests without blockage
devices. Now the question arises concerning the amount
of blockage required in order to obtain realistic values of
aSEP in aspirated flow systems. The variation of aSEP
with blockage, based on Ref. 2, is shown in Fig. 13.
The blockage variable was based on the one-dimensional
Mach number through the rods and screens. This Mach
number increased with increasing blockage for a given
flow rate. As shown in Fig. 13, the aSEP-distribution
leveled off near the value of aSEP obtained with the
powered simulator when the one-dimensional Mach
number through the blockage device exceeded a value of
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about 0.8. Different combinations of rods and screens
with different blockages appeared to work equally well
as long as the blockage was high enough to produce
Mach numbers above 0.8 at the minimum area of the
blockage.
Predicted Versus Observed Axial Static Pressure
In Ref. 1 it was shown that the axial static pres-
sure distributions for the present inlets and others were
well predicted by both panel codes and Euler flow
solvers4 at all angles-of-attack up to aSEP. More rigor-
ous calculations of the unseparated flow in a similar
ADP type of inlet were provided by Iek, et al. 3 in which
a full Navier-Stokes code (PARC3D) was applied with
different types of boundary conditions applied at the
propeller face. These latter calculations provided
reasonable predictions of the inlet axial static pressure
distributions at an angle of attack below a SEp . To
illustrate what happens near separation, the panel code
method of Ref. 5 with the Douglas-Neumann potential
flow solver, 6-8 and the PARC31) Euler code  were used
to predict the axial static pressures in the conventional
inlet operating with stationary blockage at a flow of
38.4 lb/sec. The experimental and theoretical static
pressure distributions are shown in Fig. 14 for a = 30°
and 31°, representing conditions just before and after
separation, respectively. The experimental pressure
distributions obtained in the ADP simulator with a
rotating propeller have also been included in order to
show the close agreement in observed static pressures in
the powered simulator and aspirated flow system, even
immediately after separation. The theoretical pressure
distributions in Fig. 14(a) are generally in good agree-
ment with the experiment at the angle of attack of 30°
(near the onset of separation). However, differences can
be noted in the predicted minimum static pressures pre-
dicted by the panel and PARC31) Euler codes. In this
application the panel code predicted a lower value of the
minimum static pressure than the pressure predicted by
the Euler code. Since the Euler and panel methods are
inviscid, it is not surprising that the pressure distribu-
tions after separation are highly inaccurate as illustrated
in Fig. 14(b). The same relative differences in the pre-
dicted minimum static pressures by the two methods are
also apparent for this case.
Prediction of aSEP
Estimates of the separation angle of attack can be
obtained by incorporating a boundary layer analysis in
the Euler or panel methods. An application of the
method to the ADP inlets of this investigation was pro-
vided in Ref. 1. A two-part separation model was used
to estimate the separation angle of attack. One part of
this model was based on experimental observations from
past studies of inlets operating at high angles-of-attack
and at flow rates high enough to produce locally super-
sonic flow in the internal lip region of the windward side
of the inlet. Based on these past experiments, it was
concluded that a shock-induced lip separation of the
internal flow in the shroud could be expected when the
Mach number reached a value of about 1.5. This limit
was based on an average of the results from several
inlets to
 which fell within a local Mach number band of
1.5±0.15. Often the local Mach number does not reach
a value of 1.5 but separation of the boundary layer still
occurs in the diffuser. The separation starts near the
exit plane (propeller face) and moves upstream with
increasing angle of attack. These factors were combined
to provide the following simple separation model. When
the local Mach number reaches a value of 1.5 (usually in
the neighborhood of the highlight), the inlet is assumed
to separate from the lip. If this condition is not
attained, the predicted friction coefficients, based on the
boundary layer analysis of Ref. 11, are examined to
determine if separation occurs (C t
 = 0). Since the panel
code calculations were performed on a flow-through
inlet, the calculated boundary layer could separate any-
where along the flow path. For purposes of identifying
the diffusion-limited angle of attack, it was assumed
that this limit is reached when the calculated separation
occurs upstream of the diffuser exit. The diffuser exit
represents the plane of the propeller face. Further
details of this separation model can be obtained in
Ref. 1. As shown previously (and in Ref. 1) the panel
code, with a compressibility correction, and the Euler
solvers yield about the same predictions of static pres-
sure. Consequently, the results of the predicted separa-
tion would be approximately the same for both the
Euler and panel methods providing the same boundary
layer analysis is used in each method.
The predicted separation boundaries for the con-
ventional and plug inlets are compared to the experi-
mental results from the aspirated-flow tests and the
ADP simulator in Figs. 15 and 16, respectively. It
was shown in Ref. 1 for the conventional inlet and
other inlets that the separation model generally yielded
conservative estimates of the separation angle of attack,
i.e., separation was predicted up to 3° before the
observed separation in the simulator. This result
can be seen in Fig. 15 for the conventional inlet. Since
the aspirated-flow separation results with stationary
blockage were consistent with the simulator data, the
underprediction is also evident for this case. The exper-
imental flow results without a blockage device (only
rake blockage of 3 percent) are in good agreement with
the predicted results. This is rather reassuring because
the panel code predictions are based on a flow-through
model which is consistent with the low blockage experi-
mental model having aspirated flow.
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As mentioned earlier, the results for the plug inlet
were less conclusive because the separation angle of
attack could not be obtained in the LSWT tests with
the simulator at all but the highest flow rates (refer
to Fig. 9). As shown in Fig. 16, the panel code method
with a separation model yields good predictions of the
aspirated-flow results with low blockage.
Observed separation angles from the aspirated flow
tests were compared with the results from a coupled
panel code and boundary layer calculation which incor-
porated a simple model for separation. The calculated
separation angles-of-attack were within fl° of the
values obtained in the aspirated flow tests (without
blockage.
Summary
This study to determine the effects of a rotating
propeller on the separation angle of attack and distor-
tion in subsonic inlets represents an extension of an
earlier wind tunnel experiment performed with the P&W
17-in. ADP simulator operating at a freestream Mach
number of 0.2. In order to study the propeller effect on
the inlet flow, data were obtained with the same hard-
ware and instrumentation but with the propeller
removed. Tests were performed over a range of flow
rates which duplicated flow rates in the powered simula-
tor test program. These flows were obtained by aspirat-
ing the air through the inlet by means of a remotely
located vacuum source. A second part of the present
study included an effort to simulate the effect of the
rotating propeller on inlet performance by installing
stationary blockage devices in the position normally
occupied by the propeller.
A comparison of the results of this study with
previous data from a powered simulator indicated that
in the conventional inlet the propeller produced an
increase in the separation angle of attack between 4.0°
at a specific flow of 22.5 lb/sec-ft 2 to 2.7° at a higher
specific flow of 33.8 lb/sec-ft 2 . A similar effect on
separation angle of attack was obtained by using sta-
tionary blockage rather than a propeller. The best
stationary blockage device consisted of a special combi-
nation of tapered rods and screens. This device pro-
duced a good duplication of the separation angle of
attack obtained in the powered simulator; however, the
total pressure distortion pattern revealed some differ-
ences. Although the extent of the distorted region was
well duplicated with blockage, the losses in total pres-
sure in the distorted region were greater with the block-
age devices than the losses in the powered simulator.
Similar trends were obtained with the shorter of
the two inlets which were tested (plug inlet; however,
a good quantitative comparison could not be made for
this case because of certain testing limitations. The use
of blockage devices in place of the propeller increased
the separation angle by a maximum of 6.3° over the
corresponding value obtained with aspirated flow and no
blockage devices.
Concludin¢ Remarks
An important ramification of these results concerns
the method in which aspirated flow tests are performed.
The inclusion of stationary blockage devices to replace
the propeller can provide a better simulation of separa-
tion angle of attack than the more traditional aspirated
flow tests without blockage. The results of this study
also suggested that total pressure distortion simulation
is best achieved by conducting the tests with a powered
propeller. Although the extent of the distorted flow
was well duplicated with blockage, the losses in total
pressure in the distortion region were greater with
blockage devices than the losses observed in the powered
simulator.
The experiments indicated that the separation
angle of attack in a clean inlet tested with aspirated
flow can be anywhere from about 2.7° to 4.0° below the
values obtained in a powered simulator or aspirated flow
system with blockage. Predictions of the separation
angle of attack in which the propeller effect was not
included yielded levels of separation angle which were
consistent with the clean inlet aspirated flow results.
Therefore the predictions as well as the clean inlet
aspirated flow results tended to yield conservative
results.
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Figure 1.—P&W 17 -in. diam ADP simulator installed in the NASA	 Figure 2.—Aspirated flow test setup in the UTRC 10- by 15-ft
LeRC 9- by 15-ft Low Speed Wind Tunnel. 	 Large Subsonic Wind Tunnel.
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